). Phospholipid quantities within the population were relatively constant at *2% DM. Maximum TL in the population (13% DM) was observed in large adults and some large immature individuals, and signi¢cant decreases in both TL and PL were recorded in mature females during the brooding period. This study reveals a dependence of A. malmgreni on seasonal lipid accumulation for reproduction, and a clear trophic link between the amphipod population and the pelagic production cycle.
INTRODUCTION
The hyperbenthos is a poorly understood but highly productive oceanic realm that is di⁄cult to sample, resulting in relatively few studies on hyperbenthic ecology. However, the information available suggests that hyperbenthic zooplankton successfully exploit a variety of energy sources and are important intermediate trophic links between small (bacteria, phytoplankton, detritus and meiofauna) and large (¢sh and predatory invertebrates) size-fractions in the marine food web (Mees & Jones, 1997) . Zooplankton commonly rely on stored lipids to reproduce or to survive through periods of low food availability, and determination of seasonal lipid content with respect to life cycle can be critical for an understanding of the energetic role of a species within a food web. Seasonal lipid patterns in keystone species, particularly in the energy storage lipid classes, can be used to deduce the critical periods of energy transfer from one trophic level to another (Arts et al., 1992) . Sympatric species with dissimilar life styles and nutritional requirements may have di¡erent critical periods of energy accumulation and utilization. Acanthostepheia malmgreni Goe« s, a semelparous breeder with a 2.5-y life span (Richoux et al., 2004b) , was the most common and abundant amphipod in the hyperbenthos of the depositional zone in Conception Bay, Newfoundland, from April 1997 to June 1998 (Deibel et al., unpublished data) . Brooding requires a ¢ve-month period, and juveniles are released into the hyperbenthos during April and May (Richoux et al., 2004b) . Juveniles feed on small particles, including phytoplankton and detritus (N.B.R., unpublished data), whereas older stages prey on copepods and other small invertebrates (SainteMarie & Brunel, 1985) . Acanthostepheia malmgreni is capable of rapid bursts of swimming (Sainte-Marie & Brunel, 1985) , although in the laboratory individuals often remain partially buried in the sediment (N.B.R., unpublished data). There have been no investigations to determine whether the population migrates vertically within Conception Bay.
The aim of the present study was to examine the seasonal energy storage in Acanthostepheia malmgreni, with particular emphasis on the relationships among lipid content and composition, the reproductive cycle and the timing of spring bloom sedimentation. If the population depends on the annual spring bloom to provide su⁄cient energy for reproduction and survival, lipid levels should rise shortly after the fallout of the bloom. The following questions were addressed: (1) does lipid storage vary according to the reproductive cycle, seasonal food availability, or both? (2) If lipids are stored seasonally, in what form are they stored? (3) When are the lipid maxima and minima and what is their nature? (4) How do areal lipid concentrations in the population change over a two-year period? (5) How is lipid content a¡ected during periods of starvation? This paper is one of a series focusing on the population and lipid dynamics of two hyperbenthic zooplankton species in a cold-ocean ecosystem (Richoux et al., 2004a,b, in press ).
MATERIALS AND METHODS

Study site and sample collection
Samples of Acanthostepheia malmgreni were collected approximately monthly from October 1998 to November 2000 from 240 m depth in the hyperbenthos of Conception Bay, a fjord-like bay on the east coast of Newfoundland (100 km lengthÂ30 km width) with a 150 m deep sill at the mouth and steep slopes near the shores (deYoung et al., 1993 ). An inshore branch of the Labrador Current supplies cold water (508C) to deep regions of the bay year-round. Detailed sampling methods for both the hyperbenthos and the water column (physical data) are described by Richoux et al. (2004a) . Sampling was done from a 13-m boat using an epibenthic sled equipped with a 500-mm mesh net tapered to a closed cod end. The mouth area of the sled (0.3 m 2 ) permitted sampling of organisms from the sediment surface to 60 cm above the bottom. Tows lasted 20 to 30 min, starting at coordinates 47830.5 0 N 53807.5 0 W and ending near 47832.5 0 N 53807.0 0 W.
Specimens
Live, depurated amphipods (Acanthostepheia malmgreni) were sorted into life history stages (Table 1) . The body lengths of one to ¢ve straightened individuals from each free-living stage (sample size dependent on availability) were measured to the nearest 0.5 mm (frontal edge of the eyes to the telson tip). Embryos were removed from brood sacs for counting, although each brood was maintained as a unit for lipid analysis. Each sample was rinsed with 1-mm ¢ltered seawater and stored in chloroform under nitrogen at 7208C. Dry mass (DM) of each amphipod was calculated from body length using an equation derived for the appropriate life history stage (four equations in all), and DM of each brood was calculated from brood size (Table  1; Richoux et al., 2004b) . Approximately 200 live amphipods collected on 14 August 2000 were placed in several 18-l containers of 1-mm ¢ltered, aerated seawater at *28C (*30 individuals in each container). The amphipods were maintained without food, light or sediment for 2.5 months to examine the changes in lipids in response to starvation. Exuviae and dead amphipods were removed daily, and the ¢ltered seawater replaced every few days. Triplicate samples (sexes not separated) for lipid or DM analyses were collected every 3 to 14 days until 1 November 2000, when daily mortality was *50%.
Lipid analyses
Lipids were extracted from amphipods and broods using a modi¢ed Folch procedure (Parrish, 1999) . Freeliving stages were pooled on a few occasions when juveniles were very small. Each sample was homogenized with a metal rod in chloroform:methanol (2:1, v:v), and the bottom lipid layer removed and combined with repeated chloroform washes. Concentrated lipid extracts were spotted on silica gel-coated rods (Chromarods-SIII) and lipid classes separated by thin-layer chromatography (TLC) and quanti¢ed by £ame ionization detection (FID) with an Iatroscan MK V (Parrish, 1999 . Steryl esters were not discernible from wax esters (WE) and were treated as one class (SE/ WE). Methyl esters (ME), identi¢ed by their position between SE/WE and KET, were quanti¢ed using the calibration equation for KET. Diacylglycerols (DG) followed the ST peak and were quanti¢ed using the AMPL calibration. When peak splitting was observed in the TAG and FFA regions, additional developments using alternative solvent systems adequately separated the peaks (Parrish, 1999) . The separated lipid molecular species (polyunsaturated and saturated FFA and TAG) were identi¢ed using the standards palmitic acid (C16:0), docosahexaenoic acid (C22:6), tripalmitin (3ÂC16:0), and triarachidonin (3ÂC20:4). For those samples exhibiting peak-splitting, a TAG:FFA ratio was determined from the additional developments and applied to the sum of TAG and FFA, previously quanti¢ed by the standard TLC^FID procedure. Total lipid (TL) concentration in each extract was calculated by summing the lipid classes.
Areal concentrations of lipids
Areal concentrations of TL and TAG (mg m
72
) in Acanthostepheia malmgreni in the hyperbenthos were calculated following Arts et al. (1992) . Brie£y, adjusted amphipod density values derived by Richoux et al. (2004b) were multiplied by mean TL and TAG ind 71 for each life history stage within a cohort. Adjusted, or backcalculated, data were required because amphipod density in later samples was often greater than that in earlier samples within a single cohort. Areal lipid concentrations for each sample date were determined by summing the areal values for each stage and cohort. Since free-living juveniles (4 mm at release) were not collected before they reached 7 mm length (Richoux et al., 2004b) , areal calculations are considered to be underestimates.
Statistical analyses
Rates of lipid accumulation and utilization were determined from slopes of linear sections of least squares regressions of lipid content per individual against time (linear sections were divided according to pre-and postbloom sedimentation periods). The Durbin^Watson statistic was calculated to detect temporal autocorrelation in the regressions, and the Cochrane^Orcutt procedure was used to remove any autocorrelations (Neter et al., 1996) . Analysis of covariance (ANCOVA) was used to test for within-cohort di¡erences in net lipid accumulation or utilization between sexes. All mean values are reported AEone standard deviation (SD).
RESULTS
Seasonal life cycle, density, biomass, growth and production of Acanthostepheia malmgreni in Conception Bay were described by Richoux et al. (2004b) . Amphipods from four cohorts (C1, C2, C3 and C4) were sampled between October 1998 and November 2000 ( Figure 1A ), although only one C4 individual was available for lipid analysis, and C2 was a minor cohort with only a few representatives. The dominant lipid classes were TAG and PL, with ST, AMPL, DG, SE/WE, FFA, HC, KET, ME and ALC representing the minor classes.
The highest TL (13% DM) and TAG (7% DM) levels occurred in large adults from C1 and immature individuals from C2 and C3 (Figures 1 & 2) , whereas highest PL levels (4% DM) occurred in C1 mature females early in the brooding period ( Figure 2C ). Total lipid content in mature females (mg per individual) decreased at 1.4 mg month 71 during brooding, primarily due to decreases in PL rather than TAG. Females released their broods in April and May, leaving spent females with low quantities of TL (May 1999; 2% DM). Total lipid concentrations in large non-sexed amphipods in C1 averaged 9% DM from October 1998 to May 1999 (Table 2) , after which this group disappeared from the hyperbenthos, together with the mature and spent females. This mixed group of amphipods showed a signi¢cant accumulation of TL (1.4 mg month 71 ), resulting primarily from increases in TAG rather than PL ( Figures 1B, 2A&C ).
Total lipid in C2 juveniles averaged 4% DM from February to November 1999 (Table 3) . C2 amphipods accumulated TAG at 0.78 mg month 71 following spring bloom sedimentation, although no signi¢cant accumulation of PL was detected ( Figure 2B&D ). Very few C2 samples were collected, so it was not possible to determine conclusively seasonal or developmental changes in the lipids of this cohort.
The larger cohort C3 was the longest continuallysampled cohort of Acanthostepheia malmgreni, although it contained no mature males or mature females. Immature males and immature females accumulated lipid at the same rate (ANCOVA, P40.05). C3 accumulated TL at low rates prior to bloom sedimentation (0.082^0.55 mg month approximately the same size as small C3 juveniles, with similar lipid class levels (Figures 1 & 2) . Triacylglycerol was the predominant lipid class in immature and mature males and females, whereas PL was dominant in juveniles and spent females (Tables 2, 3 & 4). Of the less prominent lipid classes, KET, FFA and DG increased as amphipods grew and matured (least squares regression analyses of C3, P50.05). All other minor classes remained constant throughout development (P40.05). Sterol was among the four most dominant lipid , respectively). Specimens from C3 collected on 14 August 2000 were starved in the laboratory, resulting in curtailed growth (DM decreased from 50 AE4.4 mg to 43 AE7.6 mg, 14 August^1 November), whereas ¢eld amphipods from the same cohort grew to 85 mg DM by November 2000. Maturing males and females from C3 were present in Conception Bay during and following the spring diatom bloom of 2000. When collected, the amphipods contained 4 mgTL (8% DM), and after utilizing TL at a rate of 1.2 mg month 71 for 2.5 months while starved in the laboratory, they contained only 1.4 mg TL (3% DM) ( Figure 4A ). In contrast, amphipods collected from the ¢eld in November showed an increase in TL content (up to 8 mg per individual). The lipid composition in starved amphipods began to change within the ¢rst few days without food, and a marked increase was observed in the level of AMPL (maximum 9% DM on 23 August), followed by a decrease in AMPL of 0.44 mg month 71 ( Figure 4B ). Triacylglycerol content decreased at a rate of 0.54 mg month 71 throughout the starvation period, while PL content remained constant ( Figure 4B ). Individual variability in most lipid classes was extremely high throughout the 2.5-month period (Figure 4) . Steryl/wax esters decreased at a rate of 0.10 mg month
71
, and FFA and ST remained constant except for an unexpected peak in FFA in early October ( Figure 4C ). (Parrish, 1999) remained below 15% in most of the samples, indicating that sample integrity was maintained during storage and analysis. Maximum LI values of 19% were calculated in only a few juveniles from C2 and C3.
Lipolysis index (LI) values
DISCUSSION
Lipid content, level and composition in zooplankton are a¡ected by numerous factors including geographical location, temperature, season, food availability, food quality and quantity, body size, salinity, physiology and life cycle. these external and internal factors, and lipid dynamics in one species has the potential to a¡ect the energetics of an entire ecosystem (Arts, 1999) . Hyperbenthic organisms living in deep areas of Conception Bay experience temperatures consistently 508C (Richoux et al., 2004a) owing to the year-round in£uence of the Labrador Current. Deep areas of Conception Bay represent a typical subarctic marine environment owing to the perpetually low temperatures and the in£uence of a seasonally productive euphotic zone. Even highly motile hyperbenthic zooplankton that undergo diel vertical migrations are unlikely to reach shallow water (550 m) characterized by temperatures 428C. Similarly, salinity remains between 32.0 and 34.0 psu below 50 m depth (Richoux et al., 2004a) . Food availability and quality (related to season, location and diet), in addition to the reproductive cycle (related to body size, physiology and life cycle stage), are probably key regulators of lipid content and composition in Acanthostepheia malmgreni inhabiting Conception Bay.
Seasonal lipid data have been documented for only a few invertebrate species living in the hyperbenthos of Conception Bay and similar cold-ocean regions. In addition to the lipids in Acanthostepheia malmgreni, those of both the mysid Mysis mixta (Richoux et al., in press) and the chaetognath Parasagitta elegans (Choe et al., 2003) vary with the cycles of reproduction and local pelagic production. As in M. mixta and P. elegans, total lipid levels in A. malmgreni increase with maturity stage. The M. mixta population exhibits a particularly striking response, and rapid accumulation of lipid occurs in developing mysids as soon as the spring diatom bloom begins (Richoux et al., in press ). In contrast, lipid accumulation in A. malmgreni occurs following bloom settlement and is not as pronounced as the response in M. mixta. Gelatinous zooplankton are protein-rich rather than lipid-rich, and in the study of Choe et al. (2003) the TL levels in P. elegans ranged from 9 to 16% DM, with lowest values occurring in winter months. Seasonal lipid variation in the two brooding crustaceans was greater and ranged from 4 to 32% DM in M. mixta (Richoux et al., in press) and from 3 to 13% DM in A. malmgreni (present study). Maximum lipid concentrations were observed in individuals nearing full maturity in each species, although the maximum value for M. mixta was twice that of A. malmgreni (Richoux et al., in press ). In contrast, maximum lipid content per individual was approximately equivalent (amphipods 14 mg; mysids 16 mg), owing in part to the relatively heavier carapace of A. malmgreni.
The lipid content maxima are consistent with observed lipid accumulation rates in the two crustacean species. The highest rate of lipid accumulation in M. mixta was 2.7 mg month 71 , whereas A. malmgreni accumulated TL at a maximum of 1.4 mg month
71
. Maturing A. malmgreni accumulated signi¢cant amounts of lipid during 2000 only (C3), probably because the 1999 cohort (C2) was too sparse and short-lived to provide su⁄cient information on lipid dynamics in the population, and because C1 consisted of larger, age 2+ amphipods nearing the end of their life span. Mature C1 amphipods contained the highest quantities of lipid, although this study did not encompass the critical period of maturation and lipid accumulation for C1 (summer and autumn 1998). In view of the 2.5-y life span and the apparent maintenance of low lipid levels during the ¢rst year, maturing female A. malmgreni in C1 must have accumulated lipid at *1.2 mg month 71 for 12 months to reach the 14 mg peak in total lipid in February 1999. One-y-old amphipods in C3 accumulated lipid at a similar rate of 1.4 mg month
, and mean lipid content in maturing individuals in November 2000 was 8 mg in females and 9 mg in males. To obtain the maximum lipid content achieved by their progenitors (C1 females, 14 mg), C3 females would have had to increase lipid accumulation to a rate of 3.2 mg month 71 from December 2000 to February 2001, a period when food quantity and quality were probably low. It is more likely that C3 amphipods continued to accumulate lipid at a rate closer to 1.4 mg month
, resulting in a lipid content of less than 10 mg in February 2001. Alternatively, additional lipid could have been synthesized from protein or carbohydrate, which is possible since 2-y-old C3 amphipods in November 2000 were as large as 2-y-old C1 amphipods (nonbrooding) in November 1998. On the other hand, conversion of protein into lipid by C3 amphipods was unlikely because protein levels remained constant at 21 AE1.0% DM from June to November 2000 (Richoux et al., 2004b) . Carbohydrate was not measured, since we assume that it plays a minor role in the seasonal energy cycle of the amphipod population (Nair & Anger,1980) .The ecological implications of C3 A. malmgreni storing less than the observed maximum lipid content exhibited by C1 females could be minor and may re£ect typical year-to-year variation in this species.
Between-year di¡erences in the lipid content, level and composition of Acanthostepheia malmgreni probably re£ected interannual variation in pelagic productivity. The crucial period for accumulating lipids in developing C1 females (spring 1998) coincided with the highest chlorophyll-a (chl-a) concentrations observed between February 1998 and December 2000. The 1998 bloom, like those of 1999 and 2000, started in March (bloom start de¢ned as chl-a 41mg l 71 ), but its magnitude was greater and its duration longer (Richoux et al., 2004a) . The chl-a maximum was highest in 1998 (5.27mg l 71 ), and high chl-a levels (up to 3.00 mg l
) persisted from mid-March to late May. In contrast, chl-a maxima were 2.22 and 3.64 mg l 71 in 1999 and 2000, respectively, with high concentrations occurring only brie£y in mid-April 1999 and throughout May 2000 (Richoux et al., 2004a) . There was also evidence of an early settling event in March 1998, in addition to the usual sedimentation period in May. Total primary production (g C m 72 y
) was not measured, although values are available for the preceding years (1986^1990; 124^137 g C m 72 y
; Tian et al., 2003) . Inter-annual variation in lipid accumulation and maximum lipid level was not as pronounced in the sympatric Mysis mixta (Richoux et al., in press) , which suggests that the mysids are better able to compensate for £uctua-tions in food availability and/or quality, owing to a high degree of motility, opportunistic feeding and the potential for diet switching. The amphipod Acanthostepheia malmgreni may possess few or none of these compensatory mechanisms, and thus may have no means to adapt rapidly to inter-annual £uctuations in its food supply. The superior adaptation of M. mixta relative to A. malmgreni is also re£ected in the timing of peaks in areal concentrations of Lipids in Acanthostepheia malmgreni N.B. Richoux et al. 1195 total and reserve lipid (as in Arts et al., 1992 , 1996 diatom bloom; Ramos et al., 2003) . Throughout most of 1999, areal concentrations of total and reserve lipid in A. malmgreni were extremely low, probably as a result of the lower quality and shorter duration of the spring bloom. Acanthostepheia malmgremi exhibited decreases in areal lipid concentrations during the spring bloom of 1999, suggesting severe limitations in the population's ability to sequester organic material during this period.
The changes inTL in both male and female Acanthostepheia malmgreni were due primarily to increases or decreases in TAG content, presumably to fuel gametogenesis. The reproductive cycle appeared to centre around food availability for newly released o¡spring, the release period coinciding with spring bloom sedimentation (Richoux et al., 2004b) . When data from all life history stages were combined, TL ind 71 increased with DM. Accumulation of lipid during growth is common in zooplankton (e.g. Kattner et al., 1994) , the energy reserve component (TAG or WE) being the main source of seasonal variation (Arts, 1999) . In contrast, PL content and concentration in A. malmgreni remained relatively constant year-round, with highest levels occurring in mature females. One developing female from C2 (November 1999) contained much more PL (5 mg) than females of the same age from C3 (1 mg). This discrepancy may re£ect inter-annual variation caused by di¡erences in food quality or availability, although unequivocal conclusions are not possible with data available from only one C2 amphipod. Because PL are a major component of membranes, they tend to be more stable thanTAG (Arts, 1999) , and increased incorporation of PL typically re£ects periods of growth or membrane production.
Increases of lipids in hyperbenthic zooplankton during or following the spring phytoplankton bloom in Conception Bay are similar to patterns observed in zooplankton from other environments (e.g. Gardner et al., 1985; Hill et al., 1992) . The accumulation of large energy reserves is generally associated with organisms exposed to an abundant food supply for only brief periods. When nutrients become limiting, such organisms must utilize their lipid stores to survive and/or reproduce. Nair & Anger (1980) found high lipid reserves in the shallow water amphipod Jassa falcata when food was abundant in the North Sea. Lipid dynamics in J. falcata, unlike those of Acanthostepheia malmgreni, are not related to the reproductive cycle (Nair & Anger, 1980) . Furthermore, amphipod populations living in habitats where food is available yearround do not accumulate large lipid stores (Percy, 1979) or exhibit little seasonal variation in lipid content (Moore, 1976) .
Unlike the sympatric Mysis mixta, early-spawning females were not found in the Acanthostepheia malmgreni population, suggesting that a threshold lipid level may be required for brood synthesis. Hill et al. (1992) postulated such a threshold for the amphipods Monoporeia a⁄nis and Pontoporeia femorata, in which reproduction was postponed for a year in females that did not store lipids at a level of 20% DM. The benthic amphipod Diporeia hoyi (formerly Pontoporeia hoyi) in Lake Michigan accumulated TAG (460% total lipid) in response to the increase in the quality of detritus following the spring diatom bloom (Gardner et al., 1985) . These levels of TAG are similar to those in mature female A. malmgreni before and during the 1999 spring bloom in Conception Bay (65% of total lipid). Similarly, TAG reserves in the benthic amphipods M. a⁄nis and P. femorata in the Baltic Sea increased (up to 44% DM in M. a⁄nis) during and immediately after the bloom (Hill et al., 1992) .
While large adult Acanthostepheia malmgreni continued to accumulate lipid, mature females utilized signi¢cant amounts of PL before releasing their broods in April or May. The use of PL in this instance was unexpected, since one would expect that any energy requirements for brood irrigation and protection would have been fuelled by the ample reserve lipids. It is unlikely that lipid utilization was due to a decrease or cessation in feeding because it was not accompanied by a decrease in DM (*125 mg DM throughout brooding period). Most of the lipid was transferred from the females to their broods, as evidenced by a markedly lower lipid content in spent females.
The energy cost of reproduction in males is assumed to be minor in non-broadcast spawning species (Clarke & Morris, 1983) . Although male A. malmgreni presumably transfer sperm directly to the females during copulation, it is di⁄cult to estimate the cost of sperm production because all C1 adults without brood sacs were included in a non-sexed category. We assume that most of the individuals in this mixed category were male, although a proportion may have been females unsuccessful at producing broods. Why the large post-spawned or non-reproductive adults increased their lipid stores until they died remains unknown, although the very low lipid levels in adults, particularly during February 1999, may have resulted from the prevalence of post-spawned males. More information is needed to estimate accurately the cost of reproduction in male A. malmgreni, although rapid accumulation of lipid in developing males, as in females, suggests that energy costs may be signi¢cant.
Cessation of growth was observed in starved A. malmgreni, although the body shrinkage commonly seen in other zooplankton (e.g. Virtue et al., 1997) was not. Lipids in A. malmgreni were mobilized within the ¢rst few days of exposure to starvation, and general stress probably contributed to the rapid production of AMPL (Parrish et al., 1998) and the high individual variation in lipid class proportions throughout the starvation period. As expected, amphipods utilized TAG stores while conserving PL as long as possible. Unlike other species that appear better suited to tolerate long periods of starvation (e.g. Antarctic Euphausia superba, Virtue et al., 1997) , starved A. malmgremi did not maintain TL relative to body mass or relative proportions of the major lipid classes. Given the increased mortality and low lipid levels after only 2.5 months' starvation, it is very unlikely that a ¢eld population thus starved would be able to recover su⁄ciently to reproduce. In comparison, the carnivorous amphipod Themisto libellula living in Arctic waters (sample group consisted of immature amphipods collected in autumn) can withstand starvation for over ¢ve months (Percy, 1993) . In A. malmgreni, variation in the ecdysis cycle may have contributed to the high variation in lipid composition throughout the starvation period. Nicol et al. (1992) found only weak £uctuations in lipids during the moult cycle of the euphausiid E. superba, although responses in stressed amphipods may be considerably di¡erent from those of relatively unstressed individuals in the ¢eld.
The present work represents the ¢rst documentation of the seasonal lipid cycle in Acanthostepheia malmgreni, a poorly known but abundant species living in the hyperbenthos of Conception Bay and other cold-ocean regions. The importance of the annual phytoplankton bloom to this hyperbenthic population is revealed by seasonality in development and lipid dynamics. Inter-annual di¡erences in the lipids of A. malmgreni are probably caused by variation in production in the upper water column, whereas seasonal lipid variation is closely related to the reproductive cycle. Lipid dynamics in starved A. malmgreni indicate that age 1+ individuals lack su⁄cient reserves to survive and reproduce through the winter in the absence of food. Divergent lipid dynamics among sympatric species inhabiting Conception Bay undoubtedly re£ect taxonomy, diet and migratory behaviour.
